Photoelectron-photofragment coincidence spectroscopy was used to study dissociative photodetachment of the doubly hydrated clusters of oxide and hydroxide, M Ϫ ͑H 2 O͒ 2 →Mϩ2H 2 O ϩe Ϫ ͑MϭO, OH͒. These experiments yield information on the energetics of the parent anion and the dissociation dynamics of the photodetached neutral species. Photoelectron spectra and photoelectron-photofragment coincidence spectra are presented and compared to data for O Ϫ ͑H 2 O) and OH Ϫ ͑H 2 O). Unlike the singly hydrated species, no evidence of vibrationally resolved product translational energy distributions is observed. The second hydration energy of O Ϫ with both H 2 O and D 2 O was also measured to be 0.80Ϯ0.08 and 0.81Ϯ0.08 eV, respectively. The three-body dissociation dynamics of the neutral clusters produced by photodetachment were studied by measuring the velocities and recoil angles of all the particles in coincidence. The observed partitioning of momentum is consistent with a two-step mechanism or dissociation from a wide range of starting geometries.
I. INTRODUCTION
Hydrated neutral and ionic clusters are known to be important participants in the chemistry of the atmosphere [1] [2] [3] [4] and are also present in combustion processes. 5 Specifically, reactions of O Ϫ and OH Ϫ and the corresponding neutral species O and OH with a single water molecule have received considerable attention in the literature due to their importance in combustion and atmospheric models. [6] [7] [8] [9] [10] The small size of these clusters also makes them amenable to high-level theoretical studies. [11] [12] [13] Data on these clusters with two or more waters may provide insights into bulk solvation phenomena. 14, 15 Additionally, three-body association reactions of hydroxide and oxide with water are possibly important reactions in the lower ionosphere. 16 Photoelectronphotofragment coincidence ͑PPC͒ spectroscopy is a useful method for studying the energetics and dissociative photodetachment dynamics of small anionic clusters, 17, 18 and provides an approach to studying the three-body dynamics of the neutral complexes produced by photodetachment of the anions. In this paper, PPC spectroscopy is applied to O Ϫ ͑H 2 O) 2 , OH Ϫ ͑H 2 O) 2 , and the deuterated analogs to probe the energetics and three-body dynamics of these systems.
Previous experimental studies on the hydrates of the oxide anion, O Ϫ ͑H 2 O) n (nу1), have focused on reaction rate constants with a variety of small molecules. [19] [20] [21] [22] [23] [24] [25] [26] There have been few theoretical studies on the structure and energetics of oxide bound to two or more waters. Using density functional theory ͑DFT͒ with a double zeta basis set including polarization functions ͑DZVP2͒, 27, 28 Schindler et al. proposed that the O Ϫ ͑H 2 O) 2 cluster is composed of an L-shaped dimer of hydroxide moieties solvated on one end by the additional water molecule, 24 as seen in Fig. 1͑a͒ 19 These enthalpies are smaller than those for addition of the first water to oxide which are in the range 1.08-1.55 eV. 19 29 The body of work available on OH Ϫ ͑H 2 O) n is considerably larger. A number of studies have been performed on the rates of OH Ϫ ͑H 2 O) n reactions with small molecules. 16, 20, 21, 23, 30, 31 Complementing these experiments are a number of theoretical studies of the structure and energetics of OH Ϫ ͑H 2 O) n . [32] [33] [34] [35] [36] [37] [38] [39] Efforts have also been made to provide a link between small cluster data and bulk aqueous solvation. 15, 40, 41 The most likely structure of OH Ϫ ͑H 2 O) 2 has a central OH Ϫ solvated to two waters via hydrogen bonds in a bent, almost planar configuration 34 as shown in Fig. 1͑c͒ . Despite the large body of work available on these systems, there are still questions that remain to be answered. There have been no studies of the three-body association or dissociation dynamics of either the ionic clusters or the neutrals produced by photodetachment. In addition, there are no previous measurements of ⌬H 1←2 hyd ͑O Ϫ ), nor have photoelectron spectra for the doubly hydrated clusters been reported. This paper presents photoelectron spectra, photoelectronphotofragment kinetic energy correlation spectra, total energy spectra, and incremental hydration/dissociation energies 2 , and the deuterated analogs. The three-body dissociation dynamics of the neutral clusters are discussed in terms of the observed momentum partitioning.
II. EXPERIMENT
The experimental technique has been previously described in detail and will only be briefly reviewed here. 46, 47 PPC spectroscopy is carried out by intersecting a fast ͑4 keV͒ negative ion beam with a linearly polarized laser beam. Photodetached electrons and neutral photofragments are then detected in coincidence, allowing complete kinematic characterization of three-body dissociations.
Ions were produced by intersecting a 1 keV electron beam with a continuous supersonic expansion of the source gas through a 50 m aperture. A pulsed beam running at 1 kHz yielded equivalent results, but the continuous source was employed owing to higher ion intensities for the ions of interest. The source gas for O Ϫ clusters was 15% N 2 O, 25% Ne, and 60% He, while for OH Ϫ clusters an expansion of 8% N 2 O in methane was used. In both cases the gas was passed over H 2 O or D 2 O at room temperature to form the hydrated clusters.
The continuous ion beam was accelerated and rereferenced to ground potential by a high-voltage switch run at a 1 kHz repetition rate. The ions were mass-selected by time-of-flight and guided into the interaction region where they were photodetached by the linearly polarized third harmonic ͑258 nm, 4.80 eV, 1.2 ps FWHM͒ of the regeneratively amplified output of a Ti:Sapphire laser ͑Clark CPA-2000͒. In these experiments, the linear polarization of the laser was fixed along the ion beam, parallel to the face of the electron detectors. The laser beam was focused to a 0.5 mm diameter spot at the interaction region, providing a fluence of approximately 5-10 mJ/cm 2 per pulse. Photodetached electrons were detected by one of two opposed time-and position-sensitive electron detectors perpendicular to the ion and laser beams. Due to the use of a fast ion beam and the large solid angle of acceptance of the detector, the photoelectron laboratory energy was subject to Doppler broadening. Using the time-and position-of-arrival data to make the kinematic correction for the fast ion beam, the center-of-mass ͑CM͒ frame photoelectron kinetic energy ͑eKE͒ was obtained with a resolution of ⌬E/Eϳ5% at 1.3 eV. 47 Neutral photofragments recoiled out of the fast ion beam over a 104 cm flight path and impinged on a microchannelplate-based time-and position-sensitive multiparticle detector. The detector anode was composed of four independent crossed-delay-line quadrants, each of which is capable of detecting two particles per event. The number of neutral particles analyzed was selected by gating on the total charge observed, which is well-resolved for one, two, and three neutral particles. If an ideal parent beam is centered on the detector, momentum conservation dictates that no more than two particles will hit a given quadrant in a three-body dissociation. Monte Carlo simulation shows that for the current systems, approximately 5% of valid events were not detected due to effects from the 10 ns dead time on each quadrant, the spatial and temporal resolution, and the finite beam size. The affected events are at low kinetic energy release ͑KER͒, with significant discrimination below 0.04 eV and essentially zero discrimination above 0.08 eV. This detector has been shown to yield a photofragment translational energy resolution of ϳ15% ⌬E/E at 0.7 eV using the photodissociation of O 2 Ϫ at 258 nm, and effectively has no dead area within the active region. 46 Kinematic analysis of dissociation events is straightforward since the three-dimensional recoil velocities of all three particles are measured directly. Details of the three-body data analysis were described in previous papers. 18, 46 Briefly, for each event a CM reference frame is adopted with the largest particle recoil vector as the positive x-axis and the other two recoil vectors lying in the xy-plane. Conservation of mass and momentum is used to calculate the mass of each particle, with an uncertainty dictated by the distribution of CM ͑ion beam͒ velocity vectors. Once these masses are calculated, each particle is assigned a mass given the assumed dissociation pathway by minimizing the root-mean-squared error between the set of calculated fragment masses and the possible set of product masses. The recoil velocities and the assigned masses are used to calculate the CM translational energy release (E T ) for the three-body dissociation, given by the sum of the contributions from each particle. Examining two-particle charge-gated events, the data shows no evidence of two-body dissociative photodetachment for any of the systems. Therefore, all data presented are for three-body dissociations. The photofragment mass resolution of m/⌬mϷ2.5 at mass 32 amu ͑Ref. 46͒ does not allow the O, OH, and H 2 O products to be distinguished. Figure 2 shows the photoelectron spectra obtained for Figure 3 shows the OH Ϫ ͑H 2 O) 2 and OD Ϫ ͑D 2 O) 2 spectra. At the lower electron kinetic energies, the dotted lines are a measure of the electron background which is primarily a result of the laser beam generating electrons by striking surfaces inside the machine. 2 , respectively. In these plots, the x-axis represents the total photofragment kinetic energy, the y-axis the electron kinetic energy, and the evenly spaced shaded con- 2 2 are very similar to the spectra shown and are not presented here. The differences in the spectra are the isotope shifts ͑ϳ0.02 eV͒ and a shift in E T ͑see Table I͒. Unlike the N(E T ,eKE) spectra of the singly hydrated species, these spectra show no signs of vibrationally resolved product state distributions. 13 Instead, they contain broad features correlated with the positions of the broad features in the photoelectron spectra.
III. RESULTS
Using conservation of energy, diagonal lines can be drawn on the correlation spectra corresponding to the maximum translational energy release (KE MAX ) for different dissociation channels. The rightmost diagonal lines ͑I͒ in both Figs. 4 and 5 represent KE MAX for reactions ͑1͒ and ͑3͒, respectively, where the products are in the lowest quantum states and all excess energy is in translation. Any events that occur below this line are indicative of rovibronic excitation in the products. KE MAX is drawn at the same contour level ͑15%͒ as for the singly hydrated system where the position was known based on published thermochemical data. 13 By not including all data within KE MAX , the positioning assumes there are some vibrationally excited parent anions which are contributing to the spectrum. This is likely since for O 3 Ϫ under similar conditions, vibrational hot bands were seen consistent with vibrational temperatures of 450 K. 48 In Fig. 4 a diagonal line is drawn ͑II͒ for KE MAX of reaction ͑2͒. The difference in energy from KE MAX ͑I) is given by the 0 K exoergicity of OϩH 2 O→2OH. 49 The experimental setup does not have the mass resolution to determine whether events below this energetic limit are from reaction ͑1͒ or reaction ͑2͒. The ratio of events under KE MAX ͑II) to the total number of events yields an upper limit for the branching ratio of reaction ͑2͒ of 35% assuming all events below ͑II͒ result from reaction ͑2͒. Figure 6 shows the total kinetic energy (E TOT ϭE T ϩeKE) spectra, N(E TOT ), for all the clusters in this study. These spectra are generated by histogramming the sum of E T and eKE for each event. Table II lists the peak positions and separations. In our previous studies of the singly hydrated species, a series of peaks appeared in the E TOT spectra corresponding to vibrationally resolved product state distributions with an approximate spacing given by the vibrational frequency of the asymmetric stretch of H 2 O. 13 In the current spectra these peaks are not observed, presumably due to the higher density of states in the products. Figure 7 shows the momentum-space molecular frame differential cross section ͑MF-DCS͒ for OH Ϫ ͑H 2 O) 2 . The generation of these spectra has been described previously. 18 The CM momentum of the lightest particle, OH, is constrained to lie along the x-axis. On an event-by-event basis, the direction and magnitude of the momentum vectors of the two water molecules are plotted relative to the OH neutral, with the faster water molecule plotted in the lower half of the spectrum. Although the m/⌬mϭ2.5 mass resolution prevents an unambiguous assignment of OH, Fig. 7 uses the assigned masses for each event as discussed in the experimental section.These plots provide insight into the dynamics of the dissociation event by showing momentum vector correlations between the products. The MF-DCS is only shown for one cluster because the spectra of all four clusters are very similar. Finally, Fig. 8 ϩ is used to construct the figure. 51 A set of coordinates corresponding to the fractional square of the momenta are used. Each axis is given by
where p i is the momentum of the ith particle. For a given event, the location of the plotted point is determined by the value of f (p i ) for each particle, plotted as the perpendicular distance from the side of an equilateral triangle. 54 Due to the choice of coordinates, all events lie inside the triangle which represents conservation of energy. An inscribed circle in the triangle represents momentum conservation. 55 
IV. ANALYSIS AND DISCUSSION
The N(eKE) spectra for O Ϫ ͑H 2 O) 2 and O Ϫ ͑D 2 O) 2 shown in Fig. 2 are qualitatively different from the spectra for the singly hydrated clusters first recorded by Arnold, Xu, and Neumark. 12 All spectra consist of broad features which is expected for clusters with a range of starting geometries, significant internal degrees of freedom, and for molecules which are undergoing dissociation. Lifetime broadening was observed in O Ϫ ͑H 2 O) and OH Ϫ ͑H 2 O) photoelectron spectra 12 and may contribute to the lack of vibrational resolution in the present spectra. In the singly hydrated clusters, isotopic substitution produced a dramatic change in the positions and intensities of the N(eKE) features. In the present case these changes are smaller in magnitude and more difficult to discern due to the broad features. 24 Calculations at the UHF/6Ϫ311ϩϩG** level using the GAUSSIAN 94 ͑Ref. 56͒ suite of programs yield ⌬R H-O ϭ0.08 Å. The reduced sensitivity to isotopic substitution in the photoelectron spectrum relative to the singly hydrated clusters is consistent with this change in geometry. As the water moves further from the central atom, the H-transfer mode will not dominate the photoelectron spectrum. It is not obvious from the spectra what the active modes are. The many internal degrees of freedom and a wide range of starting geometries may contribute significantly to the widths of the peaks.
The isotopic effects are more subtle in the hydroxide cluster spectra in Fig. 3 2 . As suggested previously, the reduced sensitivity of the N(eKE) spectra to isotopic substitution is consistent with this geometry change. Here as with the O Ϫ ͑H 2 O) 2 clusters there is a slight shift to higher eKE upon deuteration. This shift must derive from a larger zero point energy stabilization of the neutral products over the anionic precursor upon deuteration.
The larger isotopic dependence of the oxide cluster spectrum was also evident in the singly hydrated cluster data where the relative contributions of the assigned photoelectron peaks altered more significantly for O Ϫ ͑H 2 O) than 12 These spectral changes were due to a shift in the harmonic frequencies upon isotopic substitution which altered the Franck-Condon overlap between the anionic and neutral wave functions. Franck-Condon factor ͑FCF͒ calculations could be employed to simulate the photoelectron spectra and determine the active modes of the doubly hydrated clusters. Owing to the difficult nature of accurate calculations on these systems, especially on the open-shell oxide clusters, FCF calculations are beyond the scope of this paper.
Additional information can be obtained concerning the charge distribution within the anion by comparing the spectra of the oxide and hydroxide clusters. An energetic shift of 0.32 eV is found by extrapolating the trailing edges in the O Ϫ ͑H 2 O) 2 and OH Ϫ ͑H 2 O) 2 photoelectron spectra. The difference in the electron affinities of O and OH is 0.36 eV. The similarity of these values implies that most of the charge in the molecule resides on the central moiety, and is not significantly transferred to the solvent molecules. For the same type of extrapolation on the singly hydrated molecules, the difference is only 0.23 eV. These observations imply that the features in the photoelectron spectra are more closely related to the spectra of the central moiety than in the singly hydrated case and are consistent with the theoretical calculations of Grimm et al. who reported increasing localization of charge on the hydroxide center with increasing hydration. 41 Table 1 lists the peak positions in the N(E T ) spectra for
, and the deuterated analogs. In all cases, the deuterated clusters showed a higher E T than the normal clusters, and the doubly hydrated clusters showed a higher E T than the singly hydrated clusters. In studies of OH Ϫ ͑H 2 O) and OD Ϫ ͑D 2 O), Deyerl et al. attributed the former effect to the lower zero point energy of the deuterated species, which led to a contraction of the anion wave function and yielded a larger Franck-Condon overlap with more repulsive regions of the neutral potential surface upon photodetachment. 13 For OH Ϫ , E T increases by 0.1 eV from the singly to the doubly hydrated cluster. Addition of a second water to O Ϫ and OH Ϫ might be expected to decrease E T since it is generally expected that additional degrees of freedom would lead to distribution of energy into these degrees of freedom in the dissociation.
The counterintuitive increase in E T may be due to the geometry of the cluster, however. As mentioned previously, OH Ϫ ͑H 2 O) 2 is the only species which has been extensively studied theoretically. The geometry of the cluster shown in Fig. 1͑c͒ is determined by the strong hydroxide ion-water interaction and exhibits a marked water-water repulsion of 0.48 eV. 34 This large repulsion could account for the larger E T observed in the two-water system. Immediately after photodetachment, the neutral cluster is in the anion configuration, and the water molecules may retain the large repulsion induced by the stronger intracluster bonding in the anion. At best, the neutral cluster is weakly bound in the van der Waals geometry, and at the anionic geometry the large water-water repulsion may force the cluster apart with a large E T .
Since Fig. 1͑c͒ . In a linear geometry, the water-water repulsion in O Ϫ ͑H 2 O) 2 is expected to be smaller, yielding E T distributions peaked at lower energies relative to OH Ϫ ͑H 2 O) 2 . This trend is not observed in the data, however. The change in E T upon addition of a second water to the O Ϫ ͑H 2 O) is comparable to that of OH Ϫ ͑H 2 O) ͑and their deuterated analogs͒ which emphasizes the need for high-level ab initio calculations on this difficult open shell species to aid in explaining the observed increase in E T .
The N(E T ,eKE) spectra also provide information about the dynamics of dissociative photodetachment. In the singly hydrated clusters, these spectra revealed vibrationally resolved translational energy distributions as diagonal bands in the spectra. Diagonal bands are not observed in the correlation spectra for the doubly hydrated species, nor is there any correlation between E T and eKE beyond conservation of energy as can be seen from the vertical shape of the spectra. A lack of correlation between E T and eKE may imply that the photodetachment and dissociation events are occurring on different time scales due to a long-lived neutral intermediate allowing redistribution of energy after photodetachment. The neutral intermediate lifetime will be discussed further when the MF-DCS and Dalitz plots of the three-body dynamics are discussed.
The maximum energy released in translation, KE MAX , can be used to calculate previously undetermined values for ⌬E 0 K,1←2 hyd ͑O Ϫ ) with both water and deuterated water. ⌬H 298 K,1←2 hyd ͑OH Ϫ ) for both the normal and deuterated species are already known through several experiments.
19,42-44
is determined by using the energetic relationships between KE MAX , the electron affinity of atomic oxygen ͓EA͑O͔͒, and ⌬E 0 K,0←1 hyd ͑O Ϫ ) as shown in Fig. 9͑a͒ . For normal and deuterated O and OH, ⌬E 0 K,0←1 hyd has been measured in this laboratory. 13, 29 In order to compare this data with experimental values of hydration energies, the 0 K value needs to be corrected to 298 K. This was done for the present systems by estimating the vibrational contribution to the heat capacity for the hydration reaction, 57 yielding the values of ⌬H 298 K,1←2 hyd listed in Table III along with several values from previous experiments and theoretical calculations. The low frequency modes of the clusters provide a significant portion of the vibrational heat capacity correction. Although the frequencies of these modes are difficult to calculate accurately, the direction of the correction is consistent with the larger number of low frequency vibrational modes in the dimer clusters compared to the monomer clusters. The overall correction is on the order of the uncertainty in the 0 K energy and owing to this small magnitude, the uncertainty in 
͑OH
Ϫ ) also changed significantly upon deuteration, primarily as a result of the difference in heats of formation between the two anions. 13 In the present case, the difference in heats of formation can be calculated by using the 0 K heat of formation of OH/OD, 49 the electron affinity of OH/OD, 58 and the incremental hydration energies of OH ͑Ref. 43͒ and OD ͑Ref. 42͒ ͑corrected to 0 K using the estimated vibrational contributions as discussed above͒. This gives a difference in heats of formation of ⌬(⌬ f E 0 K ͒͑OD Ϫ ͑D 2 O͒ 2 ϪOH Ϫ ͑H 2 O͒ 2 ͒ϭ0.144Ϯ0.09 eV which yields ⌬KE MAX ϭ0.14Ϯ0.09 eV. The uncertainty in ⌬(⌬ f E 0 K ) was estimated since uncertainties were not given in the original papers. The estimated ⌬KE MAX matches quite well with the experimentally observed difference of 0.13 eV, thus the surprise lies more in the agreement of the oxide energies rather than in the difference in the hydroxide energies. Similar incremental hydration energy data is not available for the oxide compound, and a ⌬KE MAX estimation cannot be made.
Finally, the MF-DCS in Fig. 7 and the Dalitz plot in Fig.  8 provide insights into the dissociation dynamics of OH͑H 2 O) 2 and the other clusters studied here. Measurement of the time-and position-of-arrival of all particles in coincidence yields a kinematically complete description of the dissociation. The nomenclature proposed by Maul and Gericke for synchronous concerted, asynchronous concerted and sequential reaction mechanisms is used in the following discussion. 59 In the case of a synchronous concerted threebody breakup from a range of geometries, measurement of the three momenta would provide a distinctly shaped MF-DCS and would be represented on a Dalitz plot by a straight line. In the case of the present clusters these signatures are not observed, implying an asynchronous concerted or sequential mechanism.
In Figs. 7 and 8 , the data show a wide distribution of momenta among the three particles. This is in contrast to O 6 Ϫ , where two of the particles carried most of the momentum, and the third particle acted as a spectator. 60 In 2 showing the dissociative photodetachment and ionic dissociation processes relevant to determining the incremental hydration energies as discussed in the text. ecule receives the remaining 20% of the momentum. Examining the centroids of the distributions, the MF-DCS and Dalitz plots yield slightly different values for the average momentum partitioning among the three particles. This is a result of the lack of correlation in the MF-DCS; the three centroids do not necessarily correspond to momentum partitioning in actual events, but are instead the average momentum, independently determined for each particle. However, the single centroid of the distributions in the Dalitz plot corresponds directly to the most probable momentum distribution for the three particles in an event. The three momenta are also very broadly distributed, both in the total momentum transferred to each particle and in the angles between the momenta of the particles. Broad momentum partitioning consistent with the MF-DCS is also seen in the Dalitz plot.
In Fig. 8 , the data covers half of the phase space of the plot, with a slight concentration towards the lower right portion of the plot. The broad momentum distributions imply that the dissociation reaction is either not instantaneous or does not occur from a well-defined initial geometry. The data is consistent with a mechanism where the photodetached anion has a distribution of starting geometries and one water molecule, likely the fast water molecule, dissociates quickly after photodetachment leaving a OH͑H 2 O) intermediate which subsequently dissociates, yielding the hydroxyl radical and the second water molecule.
V. CONCLUSIONS
Photoelectron-photofragment coincidence spectroscopy was employed to study the energetics and three-body disso- 2 is consistent with previous experiments after taking into account estimated corrections from vibrational contributions to the heat capacity at 298 K.
The photoelectron and total kinetic energy spectra from these systems exhibit isotopic dependence, with variations in peak intensity and position upon deuteration. These changes are more prevalent in the oxide system than the hydroxide system. The spectral variations are consistent with the changes in the singly hydrated clusters, 12, 13 and can be attributed to a convolution of effects arising from the change in density of states and Franck-Condon overlap upon deuteration. The effects of isotopic substitution are less predominant than in the singly hydrated clusters, most likely arising from the increased degrees of freedom, larger distance between the central moiety and the water molecules, as well as the increased localization of the charge on the central moiety.
All four clusters are found to have very similar dissociation dynamics despite the differences in energetics caused by the different central moiety. The data is consistent with photodetachment from a wide range of anionic geometries followed by the creation of an intermediate neutral cluster consisting of an oxygen or hydroxyl radical and a water molecule which subsequently undergoes dissociation. The kinetic energy release of each of the doubly hydrated clusters was found to exceed that of the singly hydrated. This observation is consistent with a large water-water repulsion that has been calculated for OH Ϫ ͑H 2 O) 2 as well as a weakened water-hydroxide bond in the doubly hydrated cluster. Highlevel ab initio calculations on O Ϫ ͑H 2 O) 2 , although difficult due to the open-shell nature of the clusters, would permit evaluation of the extent to which a geometry change in the anion effects the dissociative photodetachment dynamics. The data provided by these experiments will be useful as a test for future high-level structural and dynamical calculations. 
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